Work over the past 20 years has shown that functional RNAs play important roles in cells. While much of the focus is on the precise mechanisms of RNA function, less attention has been focused on the importance of the level of specific functional RNAs. The RNA component of telomerase is essential for telomere maintenance. Recent experiments on the telomerase RNA have shown that changes in the level of this functional RNA have major consequences for telomere length regulation. Reduced RNA levels compromise cell viability and cause human disease. Because telomerase RNA is maintained at an equilibrium concentration well below saturation, small changes in RNA concentration can affect enzyme action. The exquisite regulation of this small RNA highlights the role of maintaining the equilibrium concentration of small functional RNAs; tight regulatory balance is likely used to regulate RNAs that play roles in other cellular processes.
TELOMERASE IS REQUIRED FOR TELOMERE LENGTH MAINTENANCE
Telomeres are the protein-DNA structures that protect chromosome ends from nucleases and recombination and distinguish these natural chromosome ends from broken DNA. When telomere function is lost, the chromosome end resembles a double-stranded DNA break and can result in chromosome end-to-end fusion and other rearrangements. Telomerase is a remarkable enzyme that maintains telomere length and thus helps assure telomere function. The normal mechanisms that replicate chromosome ends lead to a loss of telomere sequence each time the cell divides (Watson 1972; Olovnikov 1973) . Telomerase overcomes this end replication problem, by adding telomere sequences back onto chromosome ends (Greider and Blackburn 1985) . Telomerase enzymes from all eukaryotes contain two essential core enzyme components, a catalytic protein component, TERT, and the telomerase RNA component, or TR (Lingner et al. 1997) . The telomerase RNA component contains a short, singlestranded sequence that serves as the template for the telomeric sequences that are added onto chromosome ends by the enzyme (Greider and Blackburn 1989) . In addition to the template region, the telomerase RNA structure contains regions that are essential in the catalytic function of the enzyme (Chen and Greider 2004) .
TELOMERE LENGTH EQUILIBRIUM IS MAINTAINED BY REGULATING ACCESS OF TELOMERASE TO TELOMERES
Telomerase maintains telomere length by adding telomere repeats onto some, but not all, chromosome ends at each cell division. The shortest telomeres in the cell are preferentially elongated by telomerase. Thus, the length of each individual telomere is maintained as an equilibrium between shortening due to replication and lengthening by telomerase. This equilibrium is maintained within a defined set point through a series of feedback mechanisms that regulate repeat addition (Greider 1996; Smogorzewska and de Lange 2004) . The specific set point for the equilibrium length is species specific; in yeast the average is around 300 bp, whereas in humans it is around 10,000 bp. Within a species, different strains may have different telomere length set points, and this set point is genetically defined (Craven and Petes 1999; .
Telomere length equilibrium is regulated by at least two different mechanisms: telomere-binding proteins and modification of those proteins at the telomere. In both yeast and mammals there is a specific set of telomere proteins that bind telomeric DNA to protect the end and distinguish the telomere from a double strand break. Access of telomerase to the telomere is negatively regulated by these telomerebinding proteins (Shore 1997a; Smogorzewska and de Lange 2004; de Lange 2005) . The bound telomere protein complex somehow blocks the ability of telomerase to elongate the telomere. This inhibition of telomerase elongation directly at the telomere establishes a feedback mechanism that regulates how long telomeres can get. The longer the telomere, the more telomere-binding proteins are present, the stronger the block to telomerase elongation of that specific telomere (Shore 1997b; Smogorzewska and de Lange 2004) . This simple feedback system is also regulated by protein modification. Phosphorylation of specific substrates by the ATM and ATR protein kinases is required to allow telomerase access to elongate the telomere (Naito et al. 1998; Ritchie et al. 1999) . In addition, the Cdk1 kinase also regulates telomere elongation (Frank et al. 2006; Vodenicharov and Wellinger 2006) . The specific targets of phosphorylation and the mechanisms by which these modifications establish and maintain the length equilibrium are not yet understood in detail. This is an active area of ongoing research.
TELOMERASE IS REQUIRED IN CELLS THAT MUST DIVIDE MANY TIMES
Telomerase is essential to maintain telomere length through many cell divisions. Experimentally, deletion of either the RNA or protein component of telomerase leads to progressive telomere shortening as cells undergo multiple rounds of DNA replication (Lundblad and Szostak 1989; Singer and Gottschling 1994; Blasco et al. 1997; Lingner et al. 1997) . The absence of telomerase initially has no effect on cells when telomeres are long. As the cells divide and telomeres shorten, the short telomeres trigger a DNA damage response and cell cycle arrest or apoptosis (Hemann et al. 2001a; Enomoto et al. 2002; d'Adda di Fagagna et al. 2003; IJpma and Greider 2003; Hao et al. 2004 ). Short telomeres are thought to trigger this DNA damage response because when telomeres become too short they no longer provide the protective function, and the chromosome end now resembles a DNA break (Hemann et al. , 2001a .
Telomere maintenance is essential for cells that must divide many times. Single-celled organisms, like yeast, require telomerase for long-term growth (Lundblad and Szostak 1989) . In mammals, telomerase is essential for tissues that require constant renewal. In these tissues, telomeres must be maintained specifically in stem cells that are responsible for maintaining tissue integrity. In mice, deletion of the telomerase RNA gene, mTR, causes progressive telomere shortening with increased generations of interbreeding. When telomeres are short, cell death occurs in tissues that undergo constant cell division (Lee et al. 1998; Hao et al. 2005 ). Short telomeres cause cell death in the testes, leading to loss of fertility (Hemann et al. 2001b ). These mice also show decreased cellularity of the bone marrow and spleen and a loss of the villi in the gastrointestinal tract (Hao et al. 2005) . The fact that all of the affected tissues in these mice with short telomeres are those that undergo constant turnover suggests that telomere maintenance is required for the long-term integrity of stem cells.
Telomerase is also required in cancer cells to allow for the large number of cell divisions these cells undergo during tumor initiation and growth. Telomeres are typically shorter in cancer cells than in normal cells, likely due to the large number of cell divisions that these cells have undergone. Genetic crosses between the mTR -/-mouse and several tumor-prone mouse models reveal that telomere shortening can limit tumor growth (Greenberg et al. 1999; Rudolph et al. 2001; Qi et al. 2003; Wong et al. 2003) . The short telomeres signal through the DNA damage response pathway and limit tumor cell proliferation and thus limit tumor growth. These results support the proposals which have been made (Greider 1990; Harley et al. 1990; Shay and Wright 2002) that inhibiting telomerase may be an effective approach to cancer treatment.
THE SHORTEST TELOMERES LIMIT CELL DIVISION
The powerful ability of short telomeres to limit cell division and tissue renewal raises the question of the mechanism by which short telomeres exert this effect. Experiments with the telomerase null mice demonstrated that, at the molecular level, it is the shortest telomere that limits cell division. As the telomerase null mouse is bred for multiple generations, in the first few generations, when telomeres are long, there are no cellular or organismal phenotypes. However, in the later mTR -/-generations, when the telomeres are sufficiently short, loss of tissue regenerative capacity is seen. This implies that it is not the absence of telomerase itself, but rather the short telomeres, that elicits the cell growth inhibition. This effect of short telomeres is exerted by the shortest telomeres in the cell, not by an overall shortening of the telomere length distribution. When mTR heterozygous mice with long telomeres were crossed to telomerase null mice with short telomeres, the null progeny had critically short telomeres and showed cell death. In the mTR +/-littermates, the critically short telomeres were elongated by telomerase, but the overall length distribution was identical to that in the mTR -/-mice. This indicates that all of the phenotypes associated with telomere shortening are due to the shortest telomeres in the distribution, and telomerase is targeted to preferentially elongate the shortest telomeres (Hemann et al. 2001a) . Thus, only a few short telomeres needed to be elongated to allow cell viability. This observation highlights the extent of fine-tuning of telomere length regulation in cells; very subtle changes in telomere length maintenance can determine whether a cell lives or dies.
HALF THE LEVEL OF TELOMERASE RNA IS NOT SUFFICIENT FOR TELOMERE MAINTENANCE
The fine-tuning of telomere length is regulated by the level of active telomerase enzyme. The importance of the level of telomerase in cells is evident from the human genetic disease dyskeratosis congenita. Mutations in the telomerase RNA gene cause autosomal dominant dyskeratosis congenita (Vulliamy et al. 2001) . In this genetic disease, patients have short telomeres and most often die of bone marrow failure. This bone marrow failure likely represents a defect in the self-renewal capacity of the hematopoietic progenitor cells. The telomerase null mouse shows similar telomere shortening and loss of bone marrow regenerative capacity. Strikingly, patients with autosomal dominant dyskeratosis congenita have only one mutant allele of the telomerase RNA gene.
2005). Thus, the amount of telomere elongation that occurs in germ-line cells in one generation even with wild-type levels of telomerase RNA is not sufficient to reestablish the wild-type telomere length distribution. Because short telomeres cause loss of cell viability, these wild-type mice with short telomeres showed similar loss of cell viability in testes as seen in mTR +/-heterozygotes and mTR -/-mice with short telomeres (Hao et al. 2005) . Preliminary experiments suggest that, after multiple generations of breeding these Wt* mice, the telomere length is reestablished at the genetically determined wild-type telomere length set point. Thus, the limiting telomerase RNA has an effect for many generations.
As with other aspects of fundamental telomere function that are conserved, the sensitivity to telomerase RNA levels is also seen in yeast. Diploid yeast heterozygous for the telomerase RNA gene TLC1 have half of the steady-state level of telomerase RNA. Telomere shortening also occurs in these heterozygous yeast cells as they are grown continuously as heterozygotes (Mozdy and Cech 2006) . This implies that the exquisite sensitivity to telomerase RNA levels is a conserved feature of telomere length regulation.
As described above, there are multiple independent mechanisms that regulate telomere length. How these different mechanisms interact to regulate the equilibrium set point is not yet clear. The fact that telomerase specifically targets the shortest telomeres and that the shortest telomeres limit cell proliferation might suggest that when telomerase is limiting, the shortest telomeres will be repaired first. However, this mechanism appears to be insufficient to restore all telomere function when telomerase is limiting. Both patients with autosomal dominant dyskeratosis congenita and the mTR +/-heterozygous mice show loss of bone marrow function with half the level of telomerase, thus, short telomeres must still be causing the phenotype despite some telomere elongation. This implies that even when telomerase is targeted to the shortest telomere, a reduction in the telomerase RNA level can still overwhelm the system so that short dysfunctional telomeres are still present.
WHY IS TELOMERE ELONGATION SO TIGHTLY REGULATED?
The fact that telomere length is maintained as an equilibrium distribution might suggest that there would be a lot of leeway in telomere length regulation. However, in fact, the opposite seems to be true. The cell expends a lot of energy regulating both access of telomerase to the telomere and the level of telomerase in a cell. Why would an apparently fairly loose length regulation system in fact be so exquisitely sensitive to small perturbations?
One obvious reason an organism might regulate telomerase would be as a tumor suppressor mechanism (Greider 1990; de Lange 1995) . If telomere shortening does play the role of a tumor suppressor, as has been proposed, then a tight regulation of both telomere length and telomerase may be protective against cancer. This mechanism may explain a selection for tight telomerase regulation for mammals. However, tight regulation of telomerase also Autosomal dominant inheritance can be caused by a dominant interfering mutation that inactivates the product of the wild-type allele, or it can be due to haploinsufficiency, where half the level of the normal enzyme is not sufficient for an essential function. To test whether half the level of telomerase RNA limits telomere elongation, we bred heterozygous mTR +/-mice. Quantitative RT-PCR showed that mTR +/-mice have half of the steady-state level of telomerase RNA (Hathcock et al. 2002) . When mTR +/-mice were bred for multiple generations and maintained as heterozygotes (Fig. 1) , they showed progressive telomere shortening (Hao et al. 2005 ). This telomere shortening in the presence of half the level of telomerase RNA implies haploinsufficiency for telomerase in telomere length maintenance. The late generation heterozygous mice that had short telomeres showed cell death in the testes and decreased tissue renewal capacity, similar to the mTR -/-mice with short telomeres. This loss of tissue renewal provides direct genetic evidence for haploinsufficiency in the human autosomal dominant disease dyskeratosis congenita.
The telomere shortening with increased generations of breeding in mTR +/-heterozygous mice implies that telomerase is maintained in cells at a very low level that is just barely enough to maintain the length equilibrium; any decrease in the level perturbs the telomere length equilibrium. The effects of limiting telomerase can last for many generations. The wild-type offspring from crosses of late-generation heterozygous mice (termed Wt* mice; Fig. 1 ) still had short telomeres (Hao et al. Hao et al. 2005) . CAST/EiJ mice that were heterozygous for mouse telomerase RNA were bred to establish first-generation mTR -/-G 1 mice. The mTR -/-G 1 mice were bred to create second-generation mTR -/-G 2 mice (right side). The first-generation heterozygotes HG1 were then bred together to create second-generation heterozygotes HG2, which in turn were interbred for additional generations (middle line). Telomere shortening occurred with each progressive generation of heterozygote. When the late-generation heterozygotes, HG4, were bred together, they established telomerase null mTR -/-mice: the HG5 generation and Wt 5* mice. These Wt* mice had short telomeres compared to the parental wild-type mice that established this line.
occurs in yeast and likely other single-celled organisms that do not get cancer. What purpose does the tight regulation of telomerase play at the cellular level? The answer may lie in the processing of double-stranded DNA breaks. Telomerase is known to add telomeric sequences onto broken DNA ends, creating new telomeres (Haber and Thorburn 1984; Greider 1991) w; although this process is inefficient, it results in functional chromosomes. For example, there are a number of truncations of human chromosome 16 that result in α-thalassemia due to loss of the α-globin gene (Wilkie et al. 1990; Lamb et al. 1993; Viprakasit et al. 2003) . There are no known essential genes distal to α-globin on chromosome 16, thus if a DNA break occurs in α-globin and telomere addition occurs, a new stable chromosome results. If telomerase were not so tightly regulated perhaps it would compete more effectively with the DNA repair machinery, and new telomeres would be added to chromosome breaks generating chromosome truncations before repair could occur. This would most often lead to loss of genes distal to the break and would be detrimental to the cell. Thus, to allow repair machinery to repair chromosome breaks, telomerase must not be allowed to access the break. The normal mechanisms that regulate telomere length through telomere-binding proteins would not offer regulation at a DNA break. Therefore, limiting the amount of telomerase in a cell may be the best way to assure it does not act where it should not.
SUMMARY
Telomerase is an essential enzyme that maintains telomere length. Despite the fact that telomere length is not precise, but rather regulated about a broad equilibrium, there is very tight regulation of both telomerase action and telomerase levels in the cell. One of the consequences of the very stringent regulation of telomerase is that having half the level of this enzyme is not sufficient to maintain telomeres, and this leads to human disease. It will be interesting to examine the processes that strictly regulate the level of telomerase in cells and the potential consequences to cells if that regulation is disturbed. These studies will give insights and possibly propose new avenues for treatment of patients with dyskeratosis congenita and other diseases caused by short telomeres.
